The quaking viable mouse (qk v ) is a spontaneous recessive mouse mutant with a deletion of ∼1.1 Mb in the proximal region of chromosome 17. The deletion affects the expression of three genes; quaking (Qk), Parkin-coregulated gene (Pacrg) and parkin (Park2). The resulting phenotype, which includes dysmyelination of the central nervous system and male sterility, is due to reduced expression of Qk and a complete lack of Pacrg expression, respectively. Pacrg is required for correct development of the spermatozoan flagella, a specialized type of motile cilia. In vertebrates, motile cilia are required for multiple functions related to cellular movement or movement of media over a stationary cell surface. To investigate the potential role of PACRG in motile cilia we analysed qk v mutant mice for evidence of cilial dysfunction. Histological and magnetic resonance imaging analyses demonstrated that qk v mutant mice were affected by acquired, communicating hydrocephalus (HC). Structural analysis of ependymal cilia demonstrated that the 9 1 2 arrangement of axonemal microtubules was intact and that both the density of ciliated cells and cilia length was similar to wild-type littermates. Cilia function studies showed a reduction in ependymal cilial beat frequency and cilial mediated flow in qk v mutant mice compared with wild-type littermate controls. Moreover, transgenic expression of Pacrg was necessary and sufficient to correct this deficit and rescue the HC phenotype in the qk v mutant. This study provides novel in vivo evidence that Pacrg is required for motile cilia function and may be involved in the pathogenesis of human ciliopathies, such as HC, asthenospermia and primary ciliary dyskinesia.
INTRODUCTION
Cilia are microtubule-based hair-like organelles that project from many eukaryotic cell types. Nearly all vertebrate cells have a single primary cilium and several cell types have elaborated this to develop specialized structures that perform varied biological roles. Although there are diverse classes of cilia, all types share a similar basic structure and can be classified as primary or motile, reflecting two distinct functional roles. Primary cilia play a key role in sensory perception, which encompasses sensing external environmental signals and internal signals such as fluid flow and composition. Most primary cilia possess an axoneme that lacks the central microtubule pair (9 þ 0) and accessory structures such as dynein arms that are required to mediate motility [reviewed in (1) ]. In contrast, the axoneme of motile cilia is generally a 9 þ 2 formation. The outer doublets project radial spokes that extend toward the central microtubules and posses inner and outer dynein arms that are thought to generate the force necessary for sliding between adjacent microtubules and Ã To whom correspondence should be addressed. Tel: þ61 383416322; Fax: þ61 383416390; Email: paul.lockhart@mcri.edu.au # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org Human Molecular Genetics, 2010, Vol. 19, No. 8 1593-1602 doi:10.1093/hmg/ddq031 Advance Access published on January 27, 2010 subsequent motility (2) . The rhythmic beating of motile cilia, or the wave like flagella action, is associated with movement of media over a stationary cell surface or cellular movement. There are several exceptions to the primary (9 þ 0) and motile (9 þ 2) classification of cilia. For example, the nodal cilia possess a 9 þ 0 axoneme and demonstrate motility. Similarly, the 9 þ 2 vestibular cilia demonstrate a sensory function [reviewed in (3) ].
In recent years, the link between various human disorders and ciliary dysfunction has become evident. These 'ciliopathies' can manifest as single organ diseases such as polycystic kidney disease or can occur as multisystemic disorders/ syndromes with phenotypically variable disease presentation, for example primary ciliary dyskinesia (PCD), Alström syndrome, Bardet -Biedl syndrome and Meckel -Gruber syndrome (4) . Many of these disorders are genetically heterogeneous and although the study of simple model organisms and high throughput genetic and proteomic studies have begun to catalog cilial components (5, 6) , there remains limited understanding of the basic mechanisms, proteins and pathways regulating the formation, structure and function of cilia. Notably, single-cell and simple models fail to replicate the variability observed in human syndromes, such as PCD, where there is considerable variability in the clinical presentation, wherein sub-types of patients present with different groups of affected tissues and varying degrees of impairment. In contrast, mice with specific genetic defects are a powerful tool to study the pathogenesis of mammalian ciliary dysfunction in vivo. The structure and function of cilial systems is highly conserved between humans and mice and inbred strains can facilitate the analysis of discrete cilial subtypes and identification of modifier genes and susceptibility alleles. The 1.15 Mb deletion of chromosome 17 in the quaking viable mouse (qk v ) results in the loss of expression of parkin and Pacrg (7). Recent studies have shown that PACRG orthologues are a component of the flagella axoneme in lower order species (8, 9) . Loss of Pacrg results in infertility in qk v due to defects in the sperm flagella (10) and variation in the PACRG promoter has been associated with human male infertility (11) . We have also recently localized Pacrg to the motile ependymal cilia lining the ventricles of the brain, suggesting a broader role for the protein in cilial function (12) . To determine the potential role of PACRG in ependymal cilia we generated and characterized mice dysregulated for Pacrg. Here we report that Pacrg is an axonemal component of the ependymal cilia and loss of Pacrg results in functional deficits in cilia beat associated with impaired ciliary mediated flow and the development of hydrocephalus (HC) in the qk v mutant.
RESULTS

Qk v mice display acquired HC
To investigate the functional consequence of loss of Pacrg in the ventricular system, we examined the brain morphology of the Pacrg knockout mouse, qk v . There was no overt evidence of dysmorphology of the head and face, although the skull was slightly smaller than wild-type (wt) littermates (Fig. 1A and  B) . This observation was consistent with previous reports showing a similar global reduction in body weight (13) .
Notably, qk v mutant mice showed no evidence of the dome shaped head that is often a characteristic feature of HC in mice (14, 15) . Histological examination of 3-week-old mouse brains revealed ventriculomegaly in the qk v mutant, but not in wt littermates ( Fig. 1D and F) . To quantify this observation, the cross-sectional area of the lateral ventricle (LV) in wt and qk v mutant mice was determined at Bregma 0.02 mm. This location was selected for accurate identification with reference to anatomical landmarks and a mouse brain atlas (16) . In comparison to wt, qk v mutant mice demonstrated a 2.7-fold increase in LV area (wt: 100 + 13.5% versus qk v : 268 + 14.7%, mean + SEM, P ¼ 7.1 Â 10
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, n ! 5 per genotype, Supplementary Material, Fig. S1 ). Several morphological alterations were associated with the presence of HC in the qk v mutant, including atrophy of the lateral septal nucleus (LS) and caudate putamen (Cpt; Fig. 1C versus D) . The ventricular system comprises three interconnected ventricles. The LV is continuous with the third ventricle (3V), whereas a narrow duct, the aqueduct of Sylvius, connects the third and fourth ventricles (4V Fig. S6 ). There were no differences in the four qk v -Tg lines with respect to fertility. All the qk v -Tg mutant males were fertile, as evidenced by the recovery in daily sperm production (DSP; wt: 100 + 8.7% versus qk v -Tg: 86.1 + 16%, mean + SEM, P ¼ 0.47, n ¼ 16 per genotype) and fecundity (wt: 7 + 0.4 versus qk v -Tg: 7 + 0.7 pups per litter, mean + SEM; Supplementary Material, Fig. S6 ). The Pacrg transgene was also expressed in the central nervous system (CNS) of qk v -Tg mutant mice, as shown by RT -PCR and immunohistochemical analyses (Figs 2B and 3). Consistent with previous studies (12) , in wt mice co-labelling of ependymal cilia was observed using antibodies directed against PACRG and acetylated a-tubulin, a major structural component of the ciliary axoneme (17) . A similar pattern of immunoreactivity was observed in the qk v -Tg mutant mice but was absent in the qk v mutant mice (Fig. 3 ).
Quantitative analysis of the cross-sectional area of the LV in wt and qk v -Tg mutant mice (Bregma 0.02 mm) demonstrated that transgenic expression of Pacrg restored LV area to wt levels (wt: 100 + 13.5% versus qk v -Tg: 102 + 11.3%, mean + SEM, P ¼ 0.88, n ! 4 per genotype, Supplementary Material, Fig. S1 ). Magnetic resonance imaging (MRI) analysis confirmed the histological results of HC in the qk v mutant mice and transgene-mediated correction of the HC phenotype in the qk v -Tg mutant mice. Four-week-old mice underwent coronal T2 weighted scans and the LV was assessed at Bregma 0.2-1.2 mm. A visible enlargement of the LV was apparent in qk v mutant mice but not in the qk v 2Tg mutant mice ( Fig. 4A -C) . Quantitative morphological analysis (18) demonstrated an inward expansion of the LV in qk v mutant mice, leading to atrophy of the septal nucleus and a 30% reduction in distance between the LV walls (wt: 100 + 2.2% versus qk v : 70.7 + 2%, mean + SEM, P¼1.2 Â 10
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, n ¼ 8 Ependymal cilial structure is normal in qk v mutant mice
To investigate the mechanism underlying the HC associated with loss of Pacrg, the ultrastructure of ependymal cilia was assessed in wt and qk v mice. Electron microscopy analysis demonstrated that the normal 9 þ 2 cilial axoneme seen in wt mice was intact in qk v mutant mice ( Fig. 5A and B, representative images of .50 examined). There was no evidence to suggest extra, absent or altered microtubules of either the central pair or outer microtubule doublets. In addition, we compared cilial length and density in the LV using an unbiased quantitative technique (19) . This analysis confirmed there were no significant difference in cilial length between the wt and qk v mutant mice (wt: 8.5 + 0.6 mM versus qk Loss of Pacrg is associated with a reduced ependymal cilial beat and ependymal flow in qk v mutant mice
The coordinated and synchronized beating of ependymal cilia is required for efficient circulation of cerebrospinal fluid (CSF) and mutations that lead to asynchronous or reduced cilial beat frequency (CBF) are known to result in HC (20, 21 
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highly specialized form of motile cilium and recent studies have demonstrated that PACRG homologues are important for stabilization and function of the flagellum axoneme in protozoa and protist microorganisms (8, 22) . We recently localized Pacrg to the motile ependymal cilia lining the ventricles of the brain, suggesting a broader role for the protein in motile cilial function in mammals (12).
Here we have presented evidence that qk v mutant mice display an acquired HC phenotype, affecting the lateral and 3V, which is the result of loss of Pacrg. One single previous report has briefly mentioned HC in qk v (23) , where the authors suggested the phenotype was due to ex-vacuo dilation secondary to CNS dysmyelination. Dysregulation of the quaking gene (Qk) has been shown to underlie the myelination defect in qk v and transgenic expression of Qk-6 corrected this phenotype (24) . However, HC is not a general phenotype associated with dysmyelination. For example, the Rumpshaker and Shiverer mouse models, which are characterized by CNS dysmyelination, do not display HC (25, 26) . Moreover, transgenic expression of Pacrg was necessary and sufficient to correct the HC phenotype in the qk v background, which remains dysregulated for Qk and deleted for parkin.
Common causes of HC include stenosis of the aqueduct of Sylvius, impaired CSF homeostasis and cilial dysfunction (27) . The HC phenotype observed in the qk v mutant mice was relatively mild, consisting of an 2-fold expansion in the LV and 3V. There was no evidence for expansion of the 4V or other phenotypic manifestations, such as an enlarged skull or lethality, which characterize some HC mouse models (15, 28) . This presentation suggested that obstruction of the narrowest section of the ventricular system (the aqueduct of Sylvius) might underlie the expansion of the ventricles proximal to the occlusion. However, neuroanatomical and tracer analysis of qk v mutant mice demonstrated that the aqueduct was patent and fluid flow was not impaired. The choroid plexus produces CSF and excessive production can cause HC (29) . It is possible that HC mediated by loss of Pacrg was the result of excessive CSF production as Pacrg is expressed in the choroid plexus (12) . However, we consider overproduction unlikely to play a primary role as excess CSF production is often associated with congenital presentation and the HC phenotype in the qk v mutant mice was acquired, manifesting subsequent to ependymal ciliogenesis (12) . Moreover, although the loss of Pacrg in qk v did not appear to compromise the structure of ependymal cilia, it did affect cilial function. There was a 22% reduction in ependymal CBF, associated with a 3-fold reduction in the rate of cilial mediated flow, in qk v mutant mice compared with wt littermates, and this was corrected by transgenic expression of Pacrg. Therefore, these results suggest the cause of HC in qk v is cilial dysfunction leading to impaired CSF flow. A similar mechanism of cilial dysfunction leading to HC has been proposed for Mdnah-5 and Hydin mutant mice (20, 21) , although in both of these models secondary effects, including reduced CSF absorption in the Hydin mutant (30) and subsequent aqueduct closure in the Mdnah-5 mutant (20) have limited understanding of HC pathogenesis. The HC phenotype in qk v mutants is not as severe as these other models and the mutant lifespan is not compromised, suggesting qk v will be a useful model to dissect the role of cilial beat and subsequent ependymal flow in HC development in the absence of potentially confounding secondary alterations to the ventricular system.
The loss of Pacrg did not appear to result in a robust phenotype affecting other motile cilia systems beyond the sperm flagella and ependymal cilia. It is not known if Pacrg is a component of nodal cilia, although the mutant mice showed no evidence of laterality defects, suggesting that Pacrg does not play an important role in nodal cilia function and the establishment of left-right symmetry in the developing embryo. However, proteomic analysis identified an unknown protein, subsequently identified as PACRG (8, 31) , as a component of human respiratory cilia and here we provide the first histological evidence that Pacrg was localized to the axoneme of respiratory cilia in mice. The loss of Pacrg function did not result in deficits in either tracheal cilia structure or function, as shown by normal CBF and mucocilial clearance. However, we did not quantitate mucocilial flow; it is possible that flow is reduced in the qk v mutant mice. The lack of a measurable respiratory phenotype may reflect the absence of environmental or other triggers in pathogen-free housing. Further experiments testing loss of Pacrg in both outbred lines and different environments will be needed to fully characterize the function of Pacrg in airways cilia. Immunocytochemical analysis has localized Pacrg to the entire length of the axoneme in both Chlamydomonas and Trypanosoma axonemes and the mouse flagella/cilia (8, 10, 12, 22) , suggesting a role in flagella assembly and cilia motility. Ultrastructural studies in Trypanosoma brucei and Chlamydomonas reinhardtii flagella have shown that Pacrg orthologues are associated with the outer microtubule doublets and potentially functions as a structural component with a role in interdoublet linkage (8, 22) . Similar studies are yet to be performed in mammalian motile cilia; however, this localization would be consistent with reduced CBF observed herein, as the dynein-mediated interdoublet sliding that results in motility could be compromised.
Heterogeneity in clinical presentation is a common feature of ciliopathies affecting humans (32) . Indeed, the grossly abnormal sperm tail development, but the presence of 
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ultrastructurally normal respiratory and ependymal cilia observed in qk v mutant mice is similar to the phenotype observed in both Pcdp1 mutant mice and Kpl2 mutant pigs (33, 34) . Although the cilia and flagella share many component proteins and a common axonemal structure, there are tissuespecific differences. For example, although both DNAI1 and DNAH5 are present in respiratory tract and sperm cilia/ flagella, their distribution along the length of the axoneme varies (35) . Similarly, the cumulative total of clinical variance in ciliopathies, mouse models and cilia proteome studies (36) suggests that the developmental processes and component proteins vary subtly between cilia in different tissues. Assuming this is true, it is not surprising that mutations in individual cilia genes will affect some ciliated tissues more profoundly than others. Notably, ependymal cilia are considerably longer and beat faster than respiratory cilia (37) suggesting subtle alterations in composition could manifest as a selective functional deficit. Additional biochemical and ultrastructural analyses of Pacrg will be required to address this possibility. The absence of additional overt cilial phenotypes in qk v may also be the result of functional redundancy. There are two Pacrg homologues in the flagellated protozoa T. brucei, and knockdown of both was necessary to establish an axonemal phenotype characterized by loss of outer microtubule doublets (8) . In silico database analysis identified a mammalian PACRG paralogue named PACRG-like (PACRGL). To date there have been no reports investigating the expression or function of this protein, however, PACRGL may complement Pacrg function in some tissues.
HC is an example of a complex, multifactorial syndrome that is associated with a variety of comorbidities. Surgical management has improved considerably with the advent of imaging technologies and shunt design, however, overall clinical management and patient outcomes remain poor (38) . The treatment of HC accounts for greater than 3% of pediatric hospital charges in the USA, costing greater than 1 billion dollars per year (39, 40) . Although studies have identified greater than 40 genes linked to hereditary HC in a variety of model systems, the majority of these genes remain to be translated to a human condition (41) . In this study, we demonstrate that qk v , a spontaneous mouse mutant first identified in 1964, represents a useful model to investigate cilial function and the pathogenesis of human communicating HC. To date, no mutations in the human orthologue of Pacrg have been identified to cause HC. However, the study of chromosomal abnormalities identified HC as a prominent feature in 9 of 23 patients with a ring chromosome 6 (42) . In the majority of these HC cases, the distal breakpoint was located in the 6q26 -27 region, which corresponds to the genomic location of PACRG. Delineating the function of Pacrg and its role in motile cilia may contribute greatly to our understanding of the molecular mechanisms underlying HC and potentially facilitate the diagnosis and treatment of the disorder.
MATERIALS AND METHODS
Mice
B6C3Fe a/a-Qkqk/J mice were purchased from Jackson Laboratory, USA. Mice were housed in a specific-pathogen-free environment under a 12 h light/dark cycle with free access to food and water. Transgenic animals were generated by pronuclear injection at a commercial facility using standard protocols. The study was conducted in accordance with the National Health and Medical Research Council Guide for Care and Use of Laboratory Animals and ethical approval was obtained from the Murdoch Childrens Research Institute Animal Ethics Committee.
Ink tracer analysis
Mice were culled and ink tracer (0.1% bromophenol blue in dH 2 O) was immediately injected into the left LV (0.9 mm from the midline at the Bregma point) at a depth of 1.5 mm. After a 10-min incubation, the brain was sectioned at approximately Bregma 24.84 and 26.48 mm to visualize the aqueduct and 4V, respectively.
Histology, immunohistochemistry and electron microscopy
Mice were culled by cervical dislocation and brains immediately snap frozen. Ten micrometre cryostat sections were cut in the coronal plane, collected onto superfrost plus slides and fixed in 4% PFA/PBS for 15 min. Standard haematoxylin and eosin (H&E) staining was performed, images were captured on a Leica DM IRB microscope equipped with a Leica DFC480 camera and Scion image software was used to quantitate regions of interest. Patency of the aqueduct of Sylvius was assessed between Bregma points 22.92 and 25.34 mm. RNA and protein extraction and immunocytochemical analysis of ependymal cilia was performed as previously described (12, 43) . Primary antibodies used were polyclonal anti-PACRG 66 -257 antibody (1:100, MC1291 (7)) and monoclonal anti-acetylated tubulin (1:500, Sigma, T6793). Binding of the primary antibodies was visualized utilizing goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 594 (1:1000, Molecular Probes, Invitrogen, A11034 and A11032, respectively). Ultrastructural analysis of ependymal cilia was performed at a commercial facility using standard protocols. Sections from the dorsal wall of the LV were fixed for 24 h in 2.5% gluteraldehyde in 0.1 M cacodylate buffer, for 1 h in osmium tetroxide and finally for 20 min in 3% uranyl acetate. Ultra-thin sections (80 nm) cut on an UltracutS microtome were collected onto 200 mesh copper palladium grids, stained with 2% uranyl acetate followed by lead citrate and captured on a Siemens Elmiskope 102 electron microscope at 60 kV.
DSP and fertility
DSP was determined using a previously described method (44) . To determine fertility of the mice, sexually mature 6-week-old males were housed with two adult wt female mice for 15 weeks.
Magnetic resonance imaging
Four-week-old mice were culled and subject to MRI scans on a Bruker Biospec 4.7T scanner. A volume coil was used for excitation and a surface coil for receiving, using a T2-weighted RARE sequence [repetition time (TR) 4000 ms; echo train 8; echo time (TE) 67 ms; field of view 2.5 cm; matrix 256 Â 256; NEX 16). Axial and coronal images with slice thicknesses of 0.5 and 1 mm, respectively, with no gap, were collected and analysed as previously described (18) .
Stereology
Mice were culled and ciliated tissue (brain and trachea) was fixed in 4% PFA/PBS overnight. Tissues were dehydrated in alcohol, embedded in paraffin and microtome sections of 5 mm thickness were collected. Sections were stained using the MOM Immunodetection Kit (Vector Laboratories, BMK 
CBF and ependymal flow analysis
Mice aged 4 -6 weeks were culled and ciliated tissues (brain and trachea) collected into Hank's buffered salt solution (HBSS) supplemented with 35 mM HEPES pH7.4 as previously described (21) . Trachea samples were embedded in 4% agarose prior to cutting 100 -150 mm coronal sections on a Leica VT1000 S vibratome. Sections in HBSS/HEPES were mounted on chamber slides and viewed on a Nickon eclipse 80I microscope with a 378C warming stage. Live images were recorded at 500 frames per second (Fps) with a Sony digital video cassette 67 recorder DSR-11 and analysed in slow re-play to calculate CBF. For each cilial tuft 10 beats were counted to reduce variation. Additionally, for each section, 10 cilial tufts were selected for analysis. Individual tufts assessed were separated from each other by a minimum of 10 mm and were in regions showing no obvious damage associated with sectioning. For analysis of ependymal flow, 0.2 ml of 0.5% latex polystyrene beads (Sigma, LB5-1mL) was added to the slide, images were recorded as above and the time taken for a bead to travel 5 mm was recorded. Beads were assessed in 12 independent regions (n ¼ 6 per genotype) and were no more than 5 mm from the cilial apical tip. Statistical significance was assessed by two-sample, two-tailed Student's t-test and P , 0.05 was considered significant.
